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Available online 12 July 2014Verticillium wilt (caused by the pathogen Verticillium dahliae) is of high concern for cotton
producers and consumers. The major strategy for controlling this disease is the development
of resistant cotton (Gossypium spp.) cultivars. We used interspecific chromosome segment
introgression lines (CSILs) to identify quantitative trait loci (QTL) associated with resistance to
Verticilliumwilt in cotton grown in greenhouse and inoculated with three defoliating V. dahliae
isolates. A total of 42 QTL, including 23 with resistance-increasing and 19 with resistance-
decreasing, influenced host resistance against the three isolates. These QTL were identified
and mapped on 18 chromosomes (chromosomes A1, A3, A4, A5, A7, A8, A9, A12, A13, D1, D2,
D3, D4, D5, D7, D8, D11, and D12), with LOD values ranging from 3.00 to 9.29. Among the
positive QTL with resistance-increasing effect, 21 conferred resistance to only one V. dahliae
isolate, suggesting that resistance to V. dahliae conferred by most QTL is pathogen
isolate-specific. The At subgenome of cotton had greater effect on resistance to Verticillium
wilt than the Dt subgenome. We conclude that pyramiding different resistant QTL could be
used to breed cotton cultivars with broad-spectrum resistance to Verticilliumwilt.
© 2014 Crop Science Society of China and Institute of Crop Science, CAAS. Production and
hosting by Elsevier B.V. All rights reserved.Keywords:
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Gossypium barbadense1. Introduction
Cotton (Gossypium spp.) is one of the most important fiber
crops in the world and serves as a source of oil and biofuel [1].ang).
cience Society of China a
aand Institute of Crop ScieVerticilliumwilt has worldwide distribution and causes serious
economic losses [2]. The disease is caused by the soilborne
fungus Verticillium dahliae Kleb. The fungus infects the roots of
the cotton plant in the soil by entering through cortical cells.nd Institute of Crop Science, CAAS.
nce, CAAS. Production andhosting by Elsevier B.V. All rights reserved.
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vessels of the plant.V. dahliae toxins and acidic glycoproteins are
also important pathogenicity factors that can rapidly induce
wilting [3]. Strains of the pathogen in China can be divided into
two types according to their virulence: defoliating and non-
defoliating [4]. An early symptom seen in the host plant after
infection by a defoliating pathogen is downward curling and
epinasty of the terminal leaf, followed by epinasty of most of
the other leaves. These epinastic leaves then exhibit general
chlorosis, which eventually leads to defoliation. If cotton
plants are infected with a non-defoliating pathogen, the
lower leaves exhibit interveinal chlorosis that leads to necrosis,
but there is little or no epinasty and any dead leaves usually
remain attached to the plant [4]. The main factors affecting
the virulence of Verticillium wilt in cotton are the V. dahliae
pathotype and the inoculum density of the fungus [5].
To date, the most effective and feasible way to control
Verticilliumwilt disease is the development of cotton cultivars
with resistance to the pathogen using conventional breeding
and transgenic technologies [6–9]. There are approximately
50 species in the Gossypium genus, of which four are cultivated,
including two allotetraploids (Gossypium hirsutum and Gossypium
barbadense) and two diploids (Gossypium herbaceum andGossypium
arboreum) [10,11]. G. hirsutum, also known as upland cotton, is the
most widely planted of the four cultivated Gossypium spp.,
and has been the subject of most genetic studies and breeding
efforts. It produces more than 95% of the annual cotton crop
worldwide (National Cotton Council, http://www.cotton.org/,
2006), but most of the commercial cultivars of the species are
susceptible or only tolerant to Verticillium wilt. G. barbadense,
another important cultivated species of cotton, is characterized
by its extra-long-staple cotton compared to upland cotton. Of
the four cultivated cotton species, G. barbadense is the most
resistant to Verticillium wilt. For this reason, breeders have
tried to introgress resistance gene(s) from G. barbadense to
G. hirsutum. However, linkage drag between the resistance
and undesired agronomic traits and distortion in segregation
of the interspecific hybrid has severely hampered the exploita-
tion of these lines. As a result, little progress has been made
toward the selective breeding of cotton for resistance to
Verticillium wilt, and the needs of the cotton industry are far
from being achieved [2].
Quantitative trait loci (QTL)/genes resistant to Verticillium
wilt have been detected in G. barbadense and G. hirsutum
cultivars. A random amplified polymorphic DNA marker
linked with a resistance gene at a distance of 12.4 cM was
identified. This marker was associated with a phenotypic
variance (PV) of 12.1% [12]. Two QTL clusters with high
contributions were detected on chromosome (Chr.) D7 and
Chr.D9 by composite interval mapping [13]. With the use
of an F2 population (from a cross between a G. barbadense
cultivar and a G. hirsutum cultivar) and a single isolate of
V. dahliae, three large-effect QTL (CM12, STS1, and BNL3147-2)
conferring resistance to Verticillium wilt were detected on
Chr.A11 [14]. Several QTL showing resistance to the disease
have been also detected in various studies [4,15,16]. However,
differences in markers, isolates, and developmental stages
among these studies and the unavailability of chromosome
tagging data make comparisons of results obtained from
these studies difficult.Chromosomal segment introgression lines (CSILs) carry-
ing introgressed chromosomal segments in the same genetic
background offer great advantages for studying the genetic
functions of chromosomal segments. Moreover, CSILs are a
unique system for mapping purposes, thanks to the marked
reduction in confounding interactive effects between segregat-
ing loci in the genetic background, such as the ones that occur
in other types of mapping populations [17]. We developed a
CSIL population using the cotton genetic standard G. hirsutum
cv. TM-1 as the recipient parent and the long-staple cotton
G. barbadense cv. Hai 7124 as the donor parent, and employed
our 330 simple sequence repeat (SSR) anchored markers for
molecular marker-assisted selection (MAS) in the BC5S1–4 and
BC4S1–3 generations. The CSIL population comprised 174 lines
containing 298 introgressed segments, of which 86 lines (49.4%)
contained a single introgressed segment. The introgressed
segments covered a total length of 2948.7 cM (with an average
lengthof 16.7 cM), representing 83.3%of the cotton genome [18].
In the present study, we used these CSILs to identity QTL
affecting resistance to Verticillium wilt. Our major objectives
were to conduct genome wide screening of chromosome
regions containing resistance gene(s), identify the genetic
mechanisms of tetraploid cotton resistance to Verticillium
wilt, and find markers linked to QTL conferring resistance to
multiple V. dahliae isolates during the seedling stage in order
to facilitate improved cotton breeding programs.2. Materials and methods
2.1. Pant materials
G. hirsutum cv. TM-1, the genetic standard upland cotton, was
obtained from the Southern Plains Agricultural Research Center,
USDA-ARS, College Station, Texas, U.S.A. [19]. G. barbadense
cv. Hai 7124, grown extensively in China, is the offspring of an
individual plant selected during earlier studies of inherited
resistance to V. dahliae in our laboratory [20,21]. G. hirsutum cv.
Junmian 1 is distributed widely in Xinjiang municipality and
is highly sensitive to Verticillium wilt, and was selected as a
control. One set of CSILs was developed using MAS in the
genetic standard G. hirsutum cv. TM-1 background (the recipient
parent) and the G. barbadense cv. Hai 7124 (the donor parent)
which is resistant to Verticillium wilt.
2.2. Inoculation and phenotyping of CSILs in the greenhouse
Two defoliating V. dahliae isolates found commonly in the
Yangtze River cotton-growing region of China, V991 and
V07DF2, were selected to represent isolates with strong and
extrastrong virulence. The defoliating isolate D8092, from the
Yellow River cotton-growing region, was selected to represent
isolates of intermediate virulence. V. dahliae isolates were grown
on potato dextrose agar plates at 25 °C for 10–14 d. Inocula for
experiments were prepared by spreading a conidial suspension
onagarplates thatwere then incubatedat 25 °C for 6–7 d. Conidia
were then collected and diluted to 1 × 107 cells mL−1.
The 166 CSILswere grown in paper cups of 7.3 × 5.1 × 8.3 cm
in the greenhouse at Nanjing Agriculture University (Nanjing,
China) from 2009 to 2011. These CSILs were planted in a
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(in 2009), V07DF2 (in 2010) and D8092 (in 2011) were used
to inoculate CSIL individuals (after the emergence of two
true leaves) by watering with 15 mL of conidial suspension.
Disease symptoms were scored at 25, 30, and 35 days post
inoculation (dpi), according to a standard National Grade
Criteria for leaf disease symptoms at the seedling stage [22,23]
as follows: grade 0, healthywith no disease symptoms; 1, one or
two cotyledons showing disease symptoms; 2, one true leaf
showing disease symptoms or defoliated by disease; 3, two true
leaves showing disease symptoms or defoliated by disease;
and 4, all leaves showing disease symptomsor killed by disease.
Single plant numbers and grades were recorded at every time
point, and the disease index (DI) and relative DI (RDI) of
the tested canopy were calculated according to the following
formulae [24]:
DI %ð Þ ¼
X
Xfð Þ
n
X
f
 100
RDI %ð Þ ¼ K  DI
K ¼ 50%=DI of control
where X denotes the grade of disease severity according to the
National Grade Criteria above, n is the value of the greatest
severity among all tested canopies, and f is the number of plants
in each grade. The RDI values were used to divide disease
severity of the test canopies to Verticillium wilt into five grades:
immunity, RDI = 0; high resistance, RDI < 10.0%; resistance, RDI
(%) = 10.1–20.0; tolerance, RDI (%) = 20.1–35.0; and susceptibility,
RDI > 35.0%.
2.3. Data analysis and QTL mapping
Trait means were calculated using SPSS 17.0 (SPSS, Chicago,
Illinois, U.S.). Wang et al. [25,26] proposed a likelihood ratio test
method based on stepwise regression (RSTEP-LRT) to detect
QTL of non-idealized CSIL, because the t-test is unsuitable. QTL
IciMapping 3.0 (http://www.isbreeding.net/) was used to detect
the additive effects of QTL and the epistatic QTL of non-
idealized CSIL [25,26]. A log-of-odds (LOD) score > 3.0 was used
to identify the additive effects of QTL.
The QTL nomenclature was adapted from the method
established for rice [27]. Thus, names start with “q” and this
is followed by an abbreviation of the trait name, the name
of the chromosome, and the number of the QTL affecting
the trait on that chromosome. To identify resistance QTL
from the resistant parent Hai7124 and pyramid different
resistant QTL to breed cotton cultivars with broad-spectrum
resistance, we defined QTL identified in this study asTable 1 – Relative disease indices of parent plants and CSILs af
V. dahliae isolate G. hirsutum cv. TM-1 G. barbadense cv. Hai
V991 35.81 ± 4.52 13.82 ± 2.48
D8092 33.54 ± 3.92 12.22 ± 2.83
V07DF2 40.81 ± 4.06 17.51 ± 1.96resistance or susceptibility QTL depending on whether the
resistance-increasing alleles were from the resistance donor
Hai 7124.3. Results
3.1. Resistance of CSILs inoculated with the three V. dahliae
isolates in the greenhouse
The RDI of G. barbadense cv. Hai 7124 ranged from 12.22% for
V. dahliae D8092 to 17.51% for V. dahliae V07DF2 (Table 1),
indicating that this cultivar is resistant to these pathogen
isolates. The RDI of G. hirsutum cv. TM-1 ranged from 33.54%
for V. dahliae D8092 to 40.81% for V. dahliae V07DF2 (Table 1),
suggesting that some resistance or tolerance genes are present
in this cultivar. The mean RDIs of the CSILs were 31.35%
(9.09–49.68%) for V. dahliae V991, 34.46% (19.23–53.54%) for
V. dahliae V07DF2, and 31.36% (7.83–49.63%) for V. dahliae
D8092. Although the average RDIs of the CSILs were closer to
the values observed for G. hirsutum cv. TM-1 than to those of
G. barbadense cv. Hai 7124, therewere individual CSILswith RDIs
that fell on both sides of the values observed for the V. dahliae
V991 and D8092 isolates (Table 1).
According to the RDIs, no CSIL line was immune to all three
V. dahliae isolates (Fig. 1). Only one CSIL showed high resistance
to both theV. dahliaeV991 andD8092 isolates. Respectively 16, 3,
and 11 CSILswere resistant; 73, 78, and 79were tolerant; and 75,
84, and 74were susceptible toV. dahliaeV991, V07DF2andD8092
isolates. These results indicated that fewer than 10% of the
CSILs showed resistance to Verticilliumwilt.
3.2. Mapping of QTL associated with resistance to three
defoliating V. dahliae isolates
A total of 42 QTL were identified and mapped on 18
chromosomes with LOD values ranging from 3.00 to 9.29
(Tables 2 and 3; Fig. 2). Of these QTL, 23 showed resistance-
increasing effects and the remaining 19 showed susceptibility-
increasing effects in response to the three V. dahliae isolates.
Interestingly, most of QTL responded to different isolates.
3.2.1. QTL associated with resistance to V. dahliae V991
Based on RDIs obtained in the greenhouse experiment in 2009,
10 QTL showed resistance to V. dahliae V991 and were mapped
on eight chromosomes, Chrs. A3, A7, A8, A9, A13, D4, D5, and
D12, of which Chr. A3 and Chr. A7 contained two QTL each. The
additive effect on increasing resistance toV. dahliaeV991 ranged
from −11.04 to −7.59 for a single QTL, and the phenotypic
variation explained ranged from 1.7% to 3.7%. Eight suscepti-
bility QTLwere detected onChrs.A1, A3, A5, A12, D1, D2, andD3.ter challenge by three V. dahliae isolates.
7124 G. hirsutum cv. Junmian 1 CSILs
Mean Range
50.00 31.35 ± 9.40 9.09–49.68
50.00 31.36 ± 8.64 7.83–49.63
50.00 34.46 ± 7.64 19.23–53.54
Fig. 1 – Distribution of relative disease indices (RDIs) of leaf traits caused by three V. dahliae isolates in greenhouse experiments at Nanjing Agricultural University (China).
I: immunity to Verticilliumwilt (RDI = 0); HR: high resistance to Verticilliumwilt (RDI ≤ 10.0); R: resistance to Verticilliumwilt (10.0 < RDI ≤ 20.0); T: tolerance to Verticilliumwilt
(20.0 < RDI ≤ 35.0); S: susceptibility to Verticillium wilt (RDI > 35.00).
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Table 2 – QTL with resistance-increasing effect in response to three V. dahliae isolates in the CSIL population.
V. dahliae isolate QTL name Marker Chromosome Position Target CSIL RDI a LOD Ab PV
(%) c
V991 qRV991-A3-1 NAU3479 A3 (Chr.03) 98.18 IL030 13.77 5.17 −8.70 2.3
qRV991-A3-2 NAU3172 A3 (Chr.03) 115.34 IL031 9.09 9.29 −11.04 3.7
qRV991-A7-1 NAU3654 A7 (Chr.07) 23.07 IL087 14.86 4.28 −8.15 2.0
qRV991-A7-2 NAU2995 A7 (Chr.07) 70.73 IL089 15.51 3.77 −7.83 1.6
qRV991-A8-1 NAU3324 A8 (Chr.08) 117.23 IL106 13.84 5.11 −8.66 2.3
qRV991-A9-1 NAU462 A9 (Chr.09) 117.54 IL117 11.84 6.82 −9.66 2.8
qRV991-A13-1 NAU2893 A13 (Chr.13) 29.93 IL165 15.98 3.41 −7.59 1.7
qRV991-D4-1 JESPR220 D4 (Chr.22) 102.49 IL048 14.18 4.83 −8.49 2.2
qRV991-D5-1 NAU2274 D5 (Chr.19) 118.23 IL074 15.88 3.49 −7.64 1.8
qRV991-D12-1 NAU4925 D12 (Chr.26) 17.02 IL162 13.30 5.57 −8.93 2.4
V07DF2 qRV07DF2-A1-1 JESPR56 A1 (Chr.01) 62.10 IL078 19.73 5.22 −7.48 2.1
qRV07DF2-A4-1 NAU2363 A4 (Chr.04) 29.27 IL042 21.23 3.82 −6.73 1.7
qRV07DF2-A7-1 NAU2995 A7 (Chr.07) 70.73 IL089 20.97 4.05 −6.86 1.8
qRV07DF2-A9-1 JESPR274 A9 (Chr.09) 42.80 IL114 21.06 3.97 −6.82 1.7
qRV07DF2-A9-2 NAU2354 A9 (Chr.09) 132.25 IL118 20.95 4.07 −6.87 1.8
qRV07DF2-D11-1 NAU1366 D11 (Chr.21) 139.34 IL154 19.56 5.39 −7.57 2.1
D8092 qRD8092-A5-1 BNL3452 A5 (Chr.05) 26.14 IL052 7.83 9.28 −11.96 4.8
qRD8092-A5-2 NAU5347 A5 (Chr.05) 83.10 IL055 15.57 3.21 −8.09 2.2
qRD8092-A7-1 NAU2995 A7 (Chr.07) 70.73 IL089 15.74 3.10 −8.01 2.2
qRD8092-A8-1 NAU5128 A8 (Chr.08) 33.72 IL103 13.34 4.83 −9.21 2.9
qRD8092-D1-1 NAU2573 D1 (Chr.15) 54.70 IL009 11.95 5.19 −9.44 3.0
qRD8092-D2-1 NAU5467 D2 (Chr.14) 91.58 IL025 14.16 5.17 −9.43 3.0
qRD8092-D11-1 NAU1366 D11 (Chr.21) 139.34 IL154 14.05 4.31 −8.85 2.6
a RDI: relative disease index.
b A: additive effect.
c PVE: percentage of phenotypic variation explained by QTL.
282 T H E C R O P J O U R N A L 2 ( 2 0 1 4 ) 2 7 8 – 2 8 8Among these eight, two were located on Chr. D1. The additive
effect of the decrease in G. hirsutum cv. TM-1 resistance to
V. dahliae V991 ranged from 6.80 to 9.12, indicating that some
resistance and/or tolerance QTL presenting G. hirsutum cv.TM-1Table 3 – QTL with resistance-decreasing effect in response to t
V. dahliae isolate QTL name Marker Chromosome
V991 qSV991-A1-1 TMD03 A1 (Chr.01)
qSV991-A3-1 NAU1070 A3 (Chr.03)
qSV991-A5-1 NAU3036 A5 (Chr.05)
qSV991-A12-1 NAU1151 A12 (Chr.12)
qSV991-D1-1 NAU2573 D1 (Chr.15)
qSV991-D1-2 NAU2901 D1 (Chr.15)
qSV991-D2-1 CIR097 D2 (Chr.14)
qSV991-D3-1 BNL2496 D3 (Chr.17)
V07DF2 qSV07DF2-A1-1 NAU1067 A1 (Chr.01)
qSV07DF2-A3-1 JESPR107 A3 (Chr.03)
qSV07DF2-A5-1 NAU5347 A5 (Chr.05)
qSV07DF2-A7-1 NAU933 A7 (Chr.07)
qSV07DF2-A9-2 NAU1493 A9 (Chr.09)
qSV07DF2-D7-1 NAU450 D7 (Chr.16)
qSV07DF2-D12-1 NAU4925 D12 (Chr.26)
D8092 qSD8092-A7-1 NAU845 A7 (Chr.07)
qSD8092-D3-1 NAU3639 D3 (Chr.17)
qSD8092-D5-1 NAU828 D5 (Chr.19)
qSD8092-D8-1 NAU1505 D8 (Chr.24)
a RDI: relative disease index.
b A: additive effect.
c PV: percentage of phenotypic variation explained by QTL.were substituted by susceptible chromosome segments from
G. barbadense cv. Hai 7124, resulting in greater susceptibility of
these CSILs than of G. hirsutum cv. TM-1. The percentage of PV
ranged from 1.6 to 2.8%.hree V. dahliae isolates in the CSIL population.
Position Target CSIL RDI a LOD Ab PV
(%) c
66.37 IL004 47.59 4.38 8.21 2.0
50.11 IL027 45.81 3.00 7.32 1.6
194.76 IL066 49.05 5.58 8.94 2.4
99.06 IL147 47.04 3.94 7.94 1.9
54.70 IL009 46.40 3.45 7.62 1.8
99.72 IL035 36.40 6.73 6.80 2.8
4.61 IL011 49.68 3.71 7.79 1.8
70.88 IL036 49.40 5.87 9.12 2.5
0 IL001 48.70 9.20 9.42 3.3
6.67 IL026 49.73 5.28 7.51 2.1
83.10 IL055 51.90 7.47 8.60 2.8
0 IL086 50.28 5.82 7.79 2.3
103.71 IL128 49.31 4.88 7.30 2.0
48.48 IL138 48.67 4.28 6.98 1.8
17.02 IL162 51.03 6.57 8.16 2.5
42.87 IL088 48.32 3.48 8.28 2.3
29.65 IL028 53.83 7.74 11.04 4.1
69.14 IL068 49.63 4.43 8.93 2.7
78.55 IL061 50.76 5.29 9.50 3.0
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Fig. 2 – Additive effects and positions of QTL for resistance or susceptibility to three defoliating V. dahliae isolates that cause Verticilliumwilt. A positive effect indicates that the
allele in G. barbadense cv. Hai 7124 decreases resistance to Verticillium wilt, while a negative effect indicates that the allele in G. barbadense cv. Hai 7124 increases resistance.
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Table 4 – Total additive effects, percentage of PV, and chi-square tests for the distribution of QTL with resistance-increasing
effect in the At and Dt subgenomes.
V. dahliae isolate At a sub-genome Dta sub-genome P-value
No. of QTL Ab PV (%) c No. of QTL A PV (%)
V991 7 −61.63 16.6 3 −25.06 6.3 0.21
V07DF2 5 −34.76 9.0 1 −7.57 2.1 0.10
D8092 4 −37.27 12.0 3 −27.72 8.6 0.71
Total 16 −133.66 37.7 7 −60.35 17.1 0.09
a At, Dt: chromosomes derived from respectively A- and D-genome diploid progenitors.
b A: additive effect.
c PVE: percentage of phenotypic variation explained by QTL.
Table 5 – Total additive effects, percentage of PV and chi-square tests for the distribution of QTL with resistance-decreasing
effect in the At and Dt sub-genomes.
V. dahliae isolate At a sub-genome Dta sub-genome P-value
No. of QTL Ab PVc (%) No. of QTL A PV (%)
V991 4 32.41 8.0 4 31.33 8.9 1.00
V07DF2 5 40.62 12.4 2 15.14 4.3 0.25
D8092 1 8.28 2.3 3 29.47 9.8 0.32
Total 10 81.31 22.7 9 75.94 23.0 0.82
a At, Dt: chromosomes derived from respectively A- and D-genome diploid progenitors.
b A: additive effect.
c PV: percentage of PV explained by QTL.
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Six QTL for resistance to V. dahliae V07DF2 were detected in the
greenhouse experiments in 2010. Based on theRDIsof theCSILs,
these six QTL were distributed on five chromosomes: Chrs.A1,
A4, A7, A9, and D11. Among six QTL, two QTL were located on
Chr.A9. The additive effect of the increase in resistance to
V. dahliae V07DF2 ranged from −7.57 to −6.43 for the resistance
QTL and the percentage of PV ranged from 1.7 to 2.1%. In
addition, seven susceptibilityQTLwere detected onChrs.A1, A3,
A5, A7, A9, D7, and D12, based on the RDIs of the CSIL
population. The additive effect of the decrease in G. hirsutum
cv. TM-1 resistance to the V. dahliaeV07DF2 isolate ranged from
6.98 to 9.42 and the percentage of PV ranged from 1.8 to 3.3%.
3.2.3. QTL associated with resistance to V. dahliae D8092
Seven QTL for resistance to V. dahliae D8092 were detected
in the greenhouse experiments in 2011. Based on RDIs ofTable 6 – Relative disease indices and markers of QTL detected
Target CSIL Chr. Marker
G. hirsutum cv. TM-1
G. barbadense cv. Hai 7124
IL055 A5 NAU5347 qRD8092-A5-2,
IL089 A7 NAU2995 qRV991-A7-2, q
D7 NAU5061
D11 NAU1366
IL009 D1 NAU2573 qRD8092-D1-1,
A8 NAU3793
IL154 D11 NAU1366 qRV07DF2-D11
IL162 D12 NAU4925 qRV991-D12-1,the CSILs, these QTL were found to be distributed on six
chromosomes, Chrs.A5, A7, A8, D1, D2 and D11. Among the
seven, two were located on Chr.A5. The additive effect of the
increase in resistance to V. dahliae D8092 ranged from −11.96
to −8.01 for the resistance QTL and the percentage of PV
ranged from 2.2 to −4.8%. Four susceptibility QTL were
detected on Chrs.A7, D3, D5 and D8 based on the RDIs of
the CSILs. The additive effect of the decrease in G. hirsutum
cv. TM-1 resistance to V. dahliae D8092 ranged from 8.28 to
11.04 and the percentage of PV ranged from 2.3 to 4.1%.
3.2.4. Subgenomic distributions and effects of additive QTL
There were seven QTL for resistance to V. dahliae V991 on the
At subgenome, which was more than the three found on the
Dt subgenome (Table 4). However, there was no significant
difference between the numbers of resistance QTL on At
and Dt subgenome chromosomes (P = 0.21) by chi-square testin two or three cotton isolates.
QTL Relative disease index
V991 V07DF2 D8092
35.81 40.81 33.54
13.82 17.51 12.22
qSV07DF2-A5-1 23.24 51.90 15.57
RV07DF2-A7-1, qRD8092-A7-1 15.51 20.97 15.74
qSV991-D1-1 46.40 24.61 11.95
-1, qRD8092-D11-1 35.60 19.56 14.05
qSV07DF2-D12-1 13.30 51.03 26.35
Fig. 3 – Graphical genotypes (A) and phenotypic performances (B) of G. hirsutum cv. TM-1 and three CSILs. Bars labeled with different letters are significantly different bymultiple
comparisons (Tukey's test).
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resistanceQTL on theAt subgenomechromosomeswere −61.63
and 16.6%, respectively, and the total additive effect and PV of
those on the Dt subgenome were −25.06 and 6.3%, respectively.
The values for the other two V. dahliae isolates were similar to
those obtained for the V991 isolate. These results indicate that
the resistance effects of the QTL on the At subgenome are
greater than those of the QTL on the Dt subgenome.
There were 10 QTL for susceptibility to all of the V. dahliae
isolates in the At subgenome and nine in the Dt subgenome
(Table 5). There was no significant difference in the numbers of
susceptibility QTL located on At and Dt subgenome chromo-
somes (P = 0.82) (Table 5). The total additive effect and PV of the
QTL for susceptibility to V. dahliae V991 on At subgenome
chromosomes were 81.31% and 22.7%, respectively, and those
of the susceptibility QTL on the Dt sub-genome was 75.94 and
23.0%, respectively.
3.3. Interaction between resistance QTL and V. dahliae isolates
The RDIs of five CSILs andG. hirsutum cv. TM-1 corresponding to
11 QTL are given in Table 6. Based on the RDIs, IL055 contained
one introgressed segment on Chr.A5 and was resistant to
V. dahliae D8092, tolerant to V. dahliae V991, but susceptible to
V. dahliae V07DF2; IL162 contained one introgressed segment
on Chr.D12 and was resistant to V991, tolerant to D8092, but
susceptible to V07DF2; IL154 contained one introgressed seg-
ment on Chr. D11 and was resistant to V07DF2 and D8092 but
susceptible to V991; IL009 contained two introgressed segments
on Chrs.A8 and D1 and was resistant to D8092, tolerant to
V07DF2, but susceptible to V991; and IL089 contained three
introgressed segments on Chrs.A7, D7, and D11 and was
resistant to D8092 and V991 and tolerant to V07DF2. Clearly,
the CSILs showed variable resistance to each of the different
V. dahliae isolates, suggesting that there might exist an
additional effect between each resistance QTL and the different
fungal strains.
The genotypes and resistance performances of three CSILs
and G. hirsutum cv. TM-1 (recipient parent) are illustrated
in Fig. 3. IL095 and IL154 each contained one introgressed
segment, located on Chrs.D7 and D11, respectively; whereas
IL089 contained three introgressed segments located on Chrs.A7,
D7 and D11, respectively (Fig. 3-A). The two introgressed
segments in IL089 on Chrs.D7 and D11 overlapped with the
introgressed segments in IL095 and IL154. No resistance QTL
was detected in IL095, but two QTL for resistance to V. dahliae
D8092 and V07DF2 isolates were detected in IL154, and three
QTL for resistance to all threeV. dahliae isolates were detected
in IL089. These three CSILs (IL095, IL154, and IL089) exhibited
lower RDIs in response to the V. dahliae D8092 and V07DF2
isolates than G. hirsutum cv. TM-1 (Fig. 3-B). The RDIs of IL089
were between the values of IL095 and IL154, but the RDIs
of IL809 did not differ significantly from those of IL154 to
V. dahliae D8092 and V07DF2. Furthermore, IL095 and IL089
exhibited lower RDIs than G. hirsutum cv. TM-1, and IL154
exhibited the same RDI as G. hirsutum cv. TM-1 to V. dahliae
V991. The RDI of IL089 was significantly lower than those of
IL095 and IL154 to V. dahliae V991. These results support the
presence of resistance QTL and further suggest the presence
of additive effects of QTL for resistance to Verticillium wilt.4. Discussion
4.1. Complex inheritance of resistance to V. dahliae in cotton
Genetic studies of Verticillium wilt resistance in cotton have
reported different patterns of inheritance. Inheritance can be
classified into two types according to the genetic basis of the
resistance observed: major gene [9,20,28] and/or polygene
[29–31]. Owing to this genetic complexity, our understanding
of disease resistance mechanisms remains limited. There are
many difficulties encountered in the study of resistance to
Verticilliumwilt in cotton, includinguncontrollable environmental
influences on the development of the disease and minor
background genetic effects. G. barbadense cv. Hai 7124 is used
broadly in China as a resistant parent to develop cultivars
with resistance to Verticillium wilt, but its mechanism of
resistance to this pathogen is not well characterized. In
previous greenhouse-based studies, resistance appeared to
be due to qualitative inheritance, given that a 3:1 (resistant:
susceptible) segregation was observed (provided that grades
0, 1, and 2 were classified as resistant and grades 3 and 4 as
susceptible) [4,9,20,28–31]. In the present study, 21 of the 23
resistance QTL conferred resistance to only one of the V. dahliae
isolates assessed. However, fewer than 10% of the CSILs were
resistant to Verticilliumwilt in the greenhouse, and the RDIs of
CSILs in the field were greater than observed in the greenhouse
experiments. These results suggest that resistance to different
V. dahliae isolates is controlled by distinct single genes and
that interaction between resistance QTL or genes and fungal
strains occurs.
Someprogress has been achieved inmapping QTL for cotton
resistance to Verticillium wilt [12,13,15,16]. In the present study,
a total of 42 QTL, including 23 resistant and 19 susceptible QTL,
were identified and mapped on 18 chromosomes. Ten of the
QTL were associated with resistance to V. dahliae V991, six to
V. dahliaeV07DF2, and seven to V. dahliaeD8092. These QTL had
high additive effects. We have detected 20 resistance QTL
distributed on Chrs. A5, A7, A8, A9, D4, D5, and D11 using an F2
and a BC1S2 population derived from the cross between
G. barbadense cv. Hai 7124 and G. hirsutum cv. Junmian 1 [4]. In
that study, 15 resistance QTL were located on the same
chromosomes using a CSIL population derived from the cross
between G. barbadense cv. Hai 7124 and G. hirsutum cv. TM1, and
manymore resistanceQTL identifiedwere novel loci. Given that
each of the CSILs used contained one and/or a few substituted
segments from the donor G. hirsutum cv. TM-1, all the genetic
variation between a CSIL and G. hirsutum cv. TM-1 is associated
with the substituted segment(s). This circumstance minimizes
background genetic effects and allows more reliable QTL
detection and PV estimation. These results showed that CSIL
populations are highly effective for studying resistance to
Verticillium wilt.
In this study, four resistanceQTLwere found tobe locatedon
Chr.A7, with a further three on Chr.A9. Jiang et al. [13] mapped
four QTL on Chr.D7 and four on Chr.D9 for V. dahliae BP2; five
QTL on Chr.D7 and nine on Chr.D9 for V. dahliae VD8; four QTL
on Chr.D7 and five on Chr.D9 for V. dahliae T9; and three QTL on
Chr.D7 and seven on Chr.D7 for mixed pathogens in a F2:3
population derived from the cross betweenG. hirsutum cv. 60182
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revealed that QTL clusters with high additive effects were
located on Chrs.A7 and A9. Bolek et al. [14] also detected three
markers (CM12, STS1, and BNL3147-2) on Chr.A11 that condi-
tioned resistance toVerticilliumwilt inG. barbadense cv. PimaS-7.
In the present study, one QTL for resistance to two defoliating
V. dahliae isolates was found near the SSR marker BNL3147
on Chr.D11. As Chr.A11 and D11 area pair of homoeologous
chromosomes, it is clear that these two homoeologous groups
harbor resistance genes, and should be carefully considered in
future Verticillium wilt-resistance breeding.
4.2. Pyramiding resistance QTL to breed cotton cultivars with
broad-spectrum resistance
Verticillium wilt is a destructive disease with global conse-
quences for cottonproduction. Breeding broad-spectrumcotton
cultivars with resistance to this disease and others is consid-
ered to be one of the most effective means for reducing crop
losses. Conventionally, breeding for disease resistance in cotton
has involved selecting resistant individuals in the nursery
or field from among plants suffering from serious disease.
However, this approach is unsuitable for generating plants with
resistance to Verticillium wilt [2]. Furthermore, no significant
breakthroughs in the breeding of resistance to Verticillium wilt
have been achieved for a considerable time, owing largely to a
lack of germplasm known to be immune or highly resistant
to this fungal pathogen. Such problems can be caused by a lack
of understanding of the pathogenetic differentiation of the
pathogen, or the inheritance and mechanisms of resistance to
Verticillium wilt, which has made breeding cotton cultivars
resistant to this fungus very difficult.
The development and evaluation of CSILs is of great
importance in molecular breeding, and such stocks have been
employed successfully in rice, where many CSILs have been
developed [32]. Once favorable alleles in QTL/genes have been
identified on introgressed segments, the CSILs become candi-
dates for selection in subsequent molecular breeding strategies
[26]. In this present study, we found a broad-spectrum resistant
CSIL, IL089, which carried three introgressed segments located
on Chrs.A7, D7, and D11. The segment on Chr.D7 conferred
tolerance to the three V. dahliae isolates used in this study.
The segment on Chr.D11 was associated with resistance
to the V. dahliae V07DF2 and D8092 isolates. When the two
segmentswere combined in IL089, itwas resistant to all threeV.
dahliae isolates. Combining different resistance QTL could allow
breeding broad-spectrum resistant cultivars. For example, we
could pyramid the following resistance QTL: qRV991-A3-2
(resistant to V. dahliae V991), qRV07DF2-D11-1 (resistant to
V. dahliae V07DF2) and qRD8092-A5-1 (resistant to V. dahliae
D8092). These three high-resistance QTL could be combined to
breed a cotton cultivar that exhibits broad-spectrum resistance
to Verticillium wilt, using a modified backcrossing pyramiding
breeding scheme with MAS. Such MAS breeding experiments
are being conducted presently in our laboratory.
4.3. Effect of At/Dt sub-genomes on resistance QTL
Two cultivated tetraploid cotton species, G. hirsutum (AD)1 and
G. barbadense (AD)2, contain the A and D subgenomes. Theeffects of the two subgenomes on yield and fiber quality are
important research objectives for the production of tetraploid
cultivars. A meta-analysis revealed that cotton fiber QTL are
enriched in the Dt subgenome [33], but a more recent study
showed that the subgenomic distribution of fiber qualities
is equally divided between the chromosomes of the two
subgenomes [34]. In the present study, the number of additive
QTL detected in the At sub-genomewas approximately equal to
that found in the Dt sub-genome in the same CSIL population
[18]. This is the first report to consider the effect of the two
subgenomes on resistance to Verticillium wilt. In the present
study, we tried to analyze the effect of the two subgenomes
on host resistance to Verticillium wilt. Eighteen QTL associated
with resistance/susceptibility to one of the V. dahliae isolates
assessedwere detected and, of these, 16QTLwere located in the
At subgenome and seven in the Dt sub-genome. A chi-square
test of QTL distribution on the At/Dt sub-genomes showed no
significant difference in the distribution of the QTL between
these subgenomes. Similar results were obtained for the other
two V. dahliae isolates. These results suggest that the effects
of the two subgenomes on the numbers of resistance and
susceptibility QTLwere insignificant. The total additive effect of
resistance or susceptibility QTL on the At sub-genome was
negative, but the total effect on the Dt subgenomewas positive.
This result is consistent with the total percentage of PV of
resistance QTL in the At subgenome being greater than that in
the Dt sub-genome, except for the total percentage of PV of QTL
associated with resistance to V. dahliae D8092. These results
show that the effect of the At subgenome on resistance to
Verticilliumwilt is greater than that of the Dt subgenome.Acknowledgments
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